P
revious lesion and neuroimaging studies have shown that the frontal lobes, especially the (right) inferior frontal gyrus and the anterior cingulate gyrus, play an important role in response inhibition. [1] [2] [3] [4] [5] [6] Deficits in response inhibition have also been demonstrated after lesions of the basal ganglia 5 7 and point to a close relationship between the prefrontal cortex and the basal ganglia (''basal gangliathalamocortical circuits''). [8] [9] [10] [11] Cooper and colleagues, 7 for example, showed that patients with Parkinson's disease (PD) made more errors in a no-go condition than controls, thus indicating a response inhibition deficit in these patients. Rieger et al were able to demonstrate a significantly longer stop signal response time-reflecting impaired inhibition of ongoing responses-in patients with basal ganglia lesions caused by a cerebrovascular disorder in comparison with an orthopaedic control group. 5 Converging evidence for the involvement of the basal ganglia (especially the striatum) in response inhibition comes from animal research. Apicella et al investigated the neuronal activity in the striatum in a delayed go/no-go task in monkeys. 12 About 5% of the neurones, which showed task-related activity, were specifically activated in the no-go condition, possibly reflecting a behavioural reaction consisting of the inhibition of movement.
Taken together, the findings from the reported studies provide evidence for the critical role of the basal ganglia in response inhibition. Furthermore, the findings support current theoretical models which emphasise the function of the basal ganglia in the choice of motor programmes by activating and inhibiting competing programmes. 10 However, the role of the basal ganglia in response inhibition has not been studied as intensively as the involvement of the frontal lobe. Therefore, the present study was intended to replicate and extend the previous finding of a response inhibition deficit in patients with basal ganglia lesions. 5 Patients with idiopathic PD were investigated with the stop signal task, which requires participants to respond to a stimulus (''go'' task), but to inhibit their response in some of the trials (''stop'' task), thus measuring the ability to cancel an action that is already in progress.
The stop signal task is based on a formal mathematical theory and its particular strength is that it provides a way of measuring inhibition controlling for concurrent differences in the speed and/or variability of responding on the go task which do not reflect core inhibitory control. 13 14 On the basis of findings from a previous study of patients with basal ganglia lesions after a cerebrovascular disorder, we expected to find a significantly prolonged stop signal reaction time (SSRT) in patients with PD in comparison with an age matched clinical control group. 5 
METHODS

Participants
A consecutive series of 32 patients with PD and 31 orthopaedic patients (controls, OC) took part in this study. Patients with PD were investigated during their stay in a hospital specialising in the treatment and rehabilitation of patients with PD. Orthopaedic patients were selected from another rehabilitation hospital to match the PD patients as closely as possible with regard to age, sex, and years of education. Table 1 provides an overview of the major demographic and clinical characteristics of both groups.
Independent t tests revealed no differences between the two groups in either age (t = 0.72, p = 0.47) or years of education (t = 1.41, p = 0.16). In both groups all patients were right-handed, with a mean handedness score (SD) of 74.5 (29.1) for the PD patients and 86.5 (31.5) for the controls. 15 There was no group difference in handedness (t = 21.57, p = 0.12) and all patients used their preferred hand to perform the stop signal task.
All PD patients were receiving medication during time of testing and were taking levodopa, dopamine agonists, anticholinergic drugs, or a combination of levodopa plus an anticholinergic drug. In line with institutional guidelines, all patients gave written informed consent and the ethical committee of the German Society for Psychology approved the experimental design of the study. None of the patients were paid for participating in the study.
Assessment of impairments and activity restrictions
Assessment of intellectual functioning, memory, executive function, and mood of the patients was carried out to provide an estimate of cognitive impairment. Furthermore, the Hoehn and Yahr staging of PD 16 and the Webster Rating Scale 17 were employed to assess specific PD symptoms and activity restrictions. It was not possible to perform each neuropsychological test with all participants, in particular the controls who had a short stay in hospital and a tight treatment programme. Other reasons why not all patients performed all tests were early discharge and graphomotor deficits. Therefore, the sample size in the PD group varied from 28 to 31 and in the OC group from 18 to 29.
Intellectual functioning
Intellectual functions were assessed with a short form 18 19 of the Achievement Measure System (AMS), a commonly used German intelligence test, 20 which consists of six subtests: vocabulary, abstract reasoning, verbal competence, spatial thinking, visual interference, and word recognition. In addition, the verbal fluency subtest of the AMS was performed because it is a good indicator of executive functions. 21 For each subtest, T-scores were determined from the standardisation sample of the AMS and used for further analysis.
Memory
A German version 22 of the Auditory Verbal Learning Test (AVLT) 23 was used to assess memory functions. The total score-that is, the sum of correctly remembered words for trials I through V, was used for analysis. Potential scores for the total score range from 0 to 75.
Concept formation and concept shifting
A computer version 24 of the Modified Card Sorting Test, 25 which is a modified version of the Wisconsin Card Sorting Test, 26 was used. The percentage of perseverative errors of all errors was used as an index in this study, since it has been frequently shown to be sensitive to executive deficits and frontal lobe lesions, 25 27 and is interpreted as indicative of inhibition of mental set.
Mood
In addition, all participants were asked to fill out the Center for Epidemiological Studies-Depression Scale. 28 Each participant's total score was determined and used for further analysis. Potential scores range from 0 to 60. Higher scores correspond to higher levels of depression, and a cut-off point of 17 is regarded as a good indicator of a depressive disorder. Table 2 gives an overview of the test scores and effects sizes for both groups.
As can be seen from table 2, Parkinson's disease patients differed significantly from the controls with respect to memory, concept formation and concept shifting, and several intellectual functions (word fluency, space, field dependence, and closure). In addition, they showed significantly more depressive symptoms than OC. This was considered in the analysis and interpretation of the stop signal task results. However, no patient was demented according to DSM-IV criteria. 29 The stop signal task
Apparatus and stimuli
The stimuli for the choice reaction time (RT) task were a black square (2.5 cm side length) and a black circle (2.8 cm diameter). The participants were seated approximately 50 cm in front of a computer screen (VGA, 38.1 cm). The stop signal was a 1000 Hz tone of 500 ms duration, presented through the internal speaker to headphones. Participants responded by pressing one of two reaction buttons with the middle finger and forefinger of their preferred hand.
Design and procedure
The choice task involved discriminating the black square and the black circle, which were randomly assigned to the left and right response buttons. Each trial began with the presentation of four small squares (0.5 cm side length), which moved from the corners of the screen to the centre in a fixed interval of 500 ms for fixation. This was done to capture and focus the attention of the participants. Immediately thereafter the primary task stimulus (square or circle) appeared. It disappeared as soon as participants pressed one of the two response buttons. In case participants did not respond the stimulus remained for 2500 ms. After an interval of 1000 ms during which the screen remained blank the next trial started. The stop signal was presented on 25% of the trials.
The stop signal delay was set by a staircase tracking algorithm, 30 which adapts to the response rate. We employed one staircase to adjust the delay in a way that participants could inhibit approximately 50% of all stop trials. This is done the following way: if in a trial with stop signal the response is not inhibited, the delay is reduced by 50 ms the next time a stop signal occurs, thus increasing the chance of successful inhibition. Successful inhibition is followed by an increase of the delay by 50 ms in the next stop signal trial, which makes it harder to inhibit the response. As a result approximately 50% of all responses are stopped. At the beginning the delay of the first stop signal is set at 200 ms. After a period of adjustment, the delay varies around values that are most informative, and the mean delay can subsequently be used for further calculations.
This procedure inherently corrects for individual and group differences in the RT distribution and for the tendency to postpone responses. It provides a way of measuring inhibition (SSRT) by controlling for differences in speed of responding to the go signal. This is important, because slower response execution processes are easier to stop than faster ones at equivalent delays. Because PD may affect the speed of the response execution process, 31 32 the ability to disentangle the effects of the response execution process on the inhibition process is of importance. An additional advantage of the tracking procedure is that the response rates remain almost constant across groups, despite differences in the efficiency of inhibitory control.
Participants were tested in one session which lasted approximately 45 min. They performed two practice blocks and 10 experimental blocks. In the first practice block (60 trials), participants had to perform the choice RT task alone, in the second practice block (40 trials), the stop signal was added. After that, participants performed 10 experimental blocks, each consisting of 40 trials (30 no signal trials and 10 stop signal trials). The importance of responding as fast as possible to the choice RT task was emphasised in the instructions. Participants were told to respond quickly while maintaining a high level of accuracy. They were instructed not to delay their responses in anticipation of the stop signal but to make a concerted effort to withhold the response if they detected the stop signal. It was explained to them that they would not always be able to withhold the response and that the computer would adjust to their efficiency, yielding approximately a 50% success rate.
The SSRT was estimated by calculating the difference between the average RT on trials without stop signal and the average stop signal delay. Average RT on trials without stop signal, RT where the subjects responded in spite of the stop signal, percentage of errors, and probability of responding were further dependent variables. In addition, the last 40 trials of the first exercise block without stop signal were calculated as an estimation of primary task response speed, since RT in the experimental blocks might be influenced by task complexity and the tendency to postpone responses. 33 34 For a detailed description of the stop signal task and its mathematical formulation see Logan.
14 Statistical analysis All data were screened for deviation from normality, outliers, and homogeneity of variance, and assumptions for statistical analysis were proved. 35 Group comparisons and comparisons between conditions were carried out using independent t tests (2-tailed) and analysis of variance (ANOVA). In addition an ANCOVA (analysis of covariance) was performed to control for differences in primary reaction time. Effect sizes were calculated according to Cohen (d) . 36 
RESULTS
Results of the stop signal task are presented in table 3.
The probability of responding did not differ between the two groups (48.1% and 47.1%), which shows that the staircase tracking algorithm was successfully applied to equalise response rates between both groups. This is a necessary prerequisite for the interpretation of the results. There were significant group differences in the error rate and in the SSRT indicating that PD patients made more errors and were much slower in inhibiting the ongoing response than the controls. In addition, there was also a significant group difference in primary RT of the practice block where no stop signal was presented.
There was no significant group difference in primary task RTs of the experimental blocks where go and stop trials were randomly presented, presumably because a tendency to postpone responses levelled differences between the groups. As can be seen from table 3, primary task RTs were longer in the experimental blocks with the stop signal than in the exercise block. A 262 (Group6Block) ANOVA with Block (RT in the exercise block and RT in the experimental block) as a repeated factor revealed a significant main effect for Group (F 3,58 = 3.89, p = 0.01) and a significant main effect for Block (F 1,58 = 39.74, p,0.0001). The interaction Group6Block, however, was not significant (F 3,58 = 0.99, p = 0.40). Thus, there was a strong tendency for both groups to have longer RTs in the experimental blocks, but there was no indication that any group performed different in this respect. However, because of the effect of longer RTs in the experimental blocks, RTs in the exercise block will be interpreted as the general speed of responding.
Inhibition and general slowing
To investigate whether the effect of longer SSRTs might be due to an effect of general slowing in the PD group, Pearson's product moment correlation between SSRT and practice block RT (the last 40 trials of the first exercise block without stop signal) were calculated (OC: r = 0.40, p = 0.018; PD: r = 0.20, p = 0.
35). Those correlations indicate that the association between response inhibition and initiation is low (4-16% of the variance is explained) and are not significantly different from each other (Fisher's z test).
In addition, an ANCOVA (analysis of covariance) with practice block RT (the last 40 trials of the first exercise block without stop signal) as a covariate was performed. Requirements for performing an ANCOVA were fulfilled. The regression slopes were sufficiently homogeneous (F 1,59 = 2.18, p = 0.14) and there was a linear relationship between SSRT and practice block RT for the combined groups (r = 0.39, p,0.002) although this relationship is low. An ANCOVA revealed a highly significant group effect (F 1,60 = 13.55, p = 0.0005). Adjusted means for SSRT (PD = 324 ms; OC = 265 ms) indicated that the PD group had significantly slower SSRTs than the OC group even after controlling for differences in primary reaction time.
PD symptoms and neuropsychological test performance
We were also interested in determining whether symptom severity and overall cognitive abilities of the PD patients were associated with their inhibitory efficiency assessed by the stop signal task. To do this, we conducted two multiple regression analyses in which clinical/sociodemographic variables were used in the first and cognitive variables in the second analysis. Predictors were selected a priori and should lead to two prediction models (one model for the cognitive and one for the clinical/sociodemographic domain). The dependent variable in both regression analyses was SSRT. Only those variables were selected as predictors which can be regarded as the best indicator of the measured function-for example, total score in the AVLT. For the first multiple regression analysis we chose the following independent variables: Due to missing values sample size was 29 for the first analysis and 28 for the second analysis.
Only the first multiple regression analysis revealed a significant finding (F 3,26 = 7.29, p = 0.001, R 2 = 0.46). Reliable predictors of this effect were age (beta = 4.2, t(26) = 2.28, p = 0.03) and depression score (beta = 4.3, t(26) = 3.32, p = 0.003). These relationships indicated that those PD patients who showed longer SSRTs also tended to have higher depression scores and tended to be older.
DISCUSSION
In the present study patients with PD in the mild-moderate stages of illness (mainly Hoehn and Yahr stages I-III) were compared with age matched orthopaedic controls on the stop signal task to investigate response inhibition. We found a significantly longer SSRT (a sensitive estimate of inhibitory control), in PD patients compared to the clinical control group. However, patients with PD did not only show an impairment in response inhibition but also an expected deficit in response initiation. 32 In addition, PD patients performed worse than OC in several neuropsychological tests which have been shown sensitive to the neuropathology of PD. 37 Although patients with PD did not only show a response inhibition deficit but also other cognitive impairments and a general slowing we think that there are several arguments which support the interpretation of an inhibitory control deficit in these patients. Firstly, the group difference was still obvious after compensating for differences in primary task RT by an ANCOVA, the estimate for SSRT in the PD group was still 59 ms higher than for the OC group. Furthermore, there was no significant correlation of SSRT and practice block RT within PD patients. This is actually surprising, since previous studies have found that RT can explain some but by no means all of the variance of SSRT. The correlation of SSRT and primary task RT within the controls fits well with previous studies which have shown that initiation speed can explain some, but not all, of the variance of inhibition speed in different age groups 38 and brain-damaged patients. 5 Although the correlation of SSRT and RT was not significant in the PD patients, it was also not significantly different from that of the OC group. Thus, we cannot draw any definite conclusions whether PD patients show more independence of initiation and inhibition than healthy persons. Secondly, regression analysis indicated that cognitive impairments were not reliable predictors of inhibitory efficiency. Only severity of depression and age were associated with efficiency of response inhibition.
The findings of our study correspond with the results of Rieger et al, 5 who investigated patients with cerebrovascular lesions with the stop signal task, the study of Cooper et al, 7 who showed that patients with PD made more errors in a nogo condition than controls and with Apicella et al, 12 who found neurones in the striatum in monkeys, which were specifically activated in a no-go condition. Furthermore, van den Wildenberg found that high-frequency deep brain stimulation of the subthalamic nucleus but not stimulation of the ventral intermedius nucleus led to an improvement of stop signal inhibition. 39 From a theoretical perspective, our findings agree with the proposition of Band and van Boxtel, that the prefrontal cortex and the basal ganglia are candidate agents for response inhibition in the stop signal task. 40 The conception of an inhibition system with the ''basal gangliathalamocortical circuits'' at its basis could conceivably help to explain the findings of the present study. Damage to such circuits fits neatly with the kind of difficulty observed in the present study in which PD patients had to intentionally inhibit an ongoing response. One can speculate that the response inhibition deficit in PD patients is caused primarily by a degeneration of melanin-containing, dopaminergic neurones of the substantia nigra pars compacta and subsequent functional changes in the ''basal gangliathalamocortical circuits''. 41 In summary, PD patients showed significantly longer times to inhibit an ongoing response than orthopaedic patients. This deficit in response inhibition was pronounced and independent of general slowing and cognitive impairment. Future studies should compare different lesions within the basal ganglia to get a more detailed neuroanatomical assignment of inhibition of ongoing responses. In addition, neuropharmacological interventions or pallidal deep brain stimulation could deliver further evidence about the neural implementation of inhibitory control mechanisms and the role of the basal ganglia. In 1893 Sherrington had coined the term ''proprioceptive''. By 1900, his research permitted him to conclude that the cerebellum is the head ganglion of the proprioceptive system. In 1898 he described and elucidated decerebrate rigidity in the cat. Years later he discovered and analysed the stretch reflex. Each of these major contributions was a fundamental, original advance.
In The integrative action of the nervous system, 1 Sherrington introduced a further new concept. 2 He elucidated the synapse, a nexus for reflex-arc function, the neurone theory, and synaptic transmission. However, Hans Held, in 1897, the year Sherrington introduced the term synapse, had described:
''For the time being the nerve cells zones of transfer appear histological as mainly variable and variously constituted pathways between concrescing surfaces that I shall designate physiologically simply as zones for the transmission of stimuli. '' 3 In his text Sherrington wrote:
''…At the nexus between cells if there be not actual confluence, there must be a surface of separation. At the nexus between efferent neurone and the muscle cell, electrical organ, etc., which it innervates, it is generally admitted that there is not actual confluence of the two cells together, but that a surface separates them; and a surface of separation is physically a membrane. As regards a number of the features enumerated above as distinguishing reflex-arc conduction from nerve-trunk conduction, there is evidence that similar features, though not usually in such marked extent, characterize conduction from efferent nerve fibre to efferent rent organ, e.g., in nervemuscle preparation, in nerve-electric-organ preparation, etc. Here change in character of conduction is not due to perikarya (nerve-cell bodies), for such are not present. The change may well be referable to the surface of separation admittedly existent between efferent neurone and effector cell. If the conductive element of the neurone be fluid, and if at the nexus between neurone and neurone there does not exist actual confluence of the conductive part of one cell with the conductive part of the other, … there must be a surface of separation. Even should a membrane visible to the microscope not appear, the mere fact of nonconfluence of the one with the other implies the existence of a surface of separation. Such a surface might restrain diffusion, bank up osmotic pressure, restrict the movement of ions, accumulate electric charges, support a double electric layer, alter in shape and surface-tension with changes in difference of … it would be a mechanism where nervous conduction, especially if predominantly physical in nature, might have grafted upon it characters just such as those differentiating reflex-arc conduction from nerve-trunk conduction Against the likelihood of nervous conduction being preeminently a chemical rather than a physical l process must be reckoned, as Macdonald well urges, its speed of propagation, its brevity of timerelations, its freedom from perceptible temperature change, its facile excitation by mechanical means, its facilitation by cold, etc. If it is a physical processes the intercalation of a transverse surface of separation or membrane into the conductor must modify the conduction and it would do so with results just such as we find differentiating reflex-arc conduction from nerve-trunk conduction. ''… vertebrate histology on the whole furnishes evidence that a surface of separation does exist between neurone and neurone. … It seems therefore likely that the nexus between neurone and neurone in the reflex arc, at least in the spinal arc of the vertebrate, involves a surface of separation between neurone and neurone; and this as a transverse membrane across the conductor must be an important element in intercellular conduction. The characters distinguishing reflex-arc conduction from nervetrunk conduction may therefore be largely due to intercellular barriers, delicate transverse membranes, in the former. In view, therefore, of the probable importance physiologically of this mode of nexus between neurone and neurone it is convenient to have a term for it. The term introduced has been synapse.'' 
